Abstract. Within the last decades, techniques have become available that allow measurement of isotopic compositions of individual organic compounds (compound-specific isotope measurements). Most often the carbon isotopic composition of these compounds is studied, including stable carbon (δ 13 C) and radiocarbon (Δ 14 C) measurements. While compoundspecific stable carbon isotope measurements are fairly simple, and well-established techniques are widely available, radiocarbon analysis of specific organic compounds is a more challenging method. Analytical challenges include difficulty obtaining adequate quantities of sample, tedious and complicated laboratory separations, the lack of authentic standards for measuring realistic processing blanks, and large uncertainties in values of Δ 14 C at small sample sizes. The challenges associated with sample preparation for compoundspecific Δ 14 C measurements will be discussed in this contribution. Several years of compound-specific radiocarbon analysis have revealed that in most natural samples, purified organic compounds consist of heterogeneous mixtures of the same compound. These mixtures could derive from multiple sources, each having a different initial reservoir age but mixed in the same terminal reservoir, from a single source but mixed after deposition, or from a prokaryotic organism using variable carbon sources including mobilization of ancient carbon. These processes not only represent challenges to the interpretation of compound-specific radiocarbon data, but provide unique tools for the understanding of biogeochemical and sedimentological processes influencing the preserved organic geochemical records in marine sediments. We will discuss some examples where compound-specific radiocarbon analysis has provided new insights for the understanding of carbon source utilization and carbon cycling.
Introduction
After its discovery in the first half of the 20 th century, the method of radiocarbon dating became widely used in a number of disciplines, including archaeology and the geosciences. The method relies on measuring the radiocarbon ( 14 C) content of a given sample composed of either carbonate, bones or any organic material. Combined knowledge of the initially present level of 14 C and its radioactive halflife allows the calculation of a 14 C-age of the sample. In the simplest case of a sample composed homogenously of a material that was synthesized using a well constrained carbon source like atmospheric carbon dioxide, this method allows accurate determination of the age of the sample.
Most organic samples used for radiocarbon dating in the geosciences contain a mixture of organic substances, each with a different radiocarbon signature [1] . This is particularly true for total organic carbon in sediment and soil samples, but may also apply for biomass of living organisms that incorporate carbon from several sources, i.e., heterotrophic organisms (cf. [2] ). Thus, radiocarbon ages of total organic carbon samples are complicated to interpret and in most cases cannot be directly taken for the determination of the sample's age. Using total organic carbon for dating purposes may result in misleading interpretations [3, 4] . The problem of heterogeneous composition of organic materials from unknown sources and with unknown relative contributions can be circumvented when focusing on source-specific organic compounds, so-called biomarkers and analysing their radiocarbon content (compound-specific radiocarbon analysis (CSRA)). Typical biomarkers include lipids synthesized by marine planktonic algae (e.g., alkenones), compounds originating from epicuticular wax layers of land plants (e.g., long-chain n-alkanes or n-fatty acids), or membrane lipids from archaea. If these compounds can be purified in sufficient quantities from heterogeneous mixed samples to allow for measurement of their radiocarbon content, more specific information can be gained on processes governing their formation.
The method of CSRA was introduced and first results of individual n-alkanes and n-fatty acids were published in 1996 by Eglinton and co-workers [5] . Since then, CSRA has been extended to a number of organic compounds [3, 6, 7] , and sample size requirements have been reduced to at least 25 µg of carbon [8] ). Major challenges in CSRA are (a) the purification of adequate quantities of individual compounds and (b) the conversion of the biomarker compounds into graphite cathodes for 14 C analysis by accelerator mass spectrometry (AMS) (c) without introducing contaminants. The methodical challenges associated with sample preparation for CSRA and recent examples of applications of CSRA in geochemical studies will be discussed in this contribution.
Analysing compound-specific radiocarbon contents

Sample purification
In natural samples most compounds serving as biomarkers are only present in relatively small concentrations (typically <1µg g -1 dry weight). These compounds need to be extracted in high purity and in sufficient quantity to allow for radiocarbon analysis by AMS. A reasonable amount of biomarker to be aimed for is at least 100 µg of carbon. Therefore, typically large samples >100 g dry weight are required.
For extraction of compounds from natural samples, liquid extraction techniques are used most often. For lipids, for example, extractions with organic solvents are performed. Several equally adequate procedures exist [9, 10] , including the use of ultrasonic probes [11] , Soxhlet extraction [12] , or accelerated solvent extraction (ASE) [9] . From the total lipid extract, individual compounds can be purified using a sequence of wet chemical techniques and chromatographic steps of separation. Depending on the target compounds, these steps may include acid or base hydrolysis (base hydrolosis is often referred to as "saponification"), and several chromatographic steps separating compound classes according to their polarity (e.g., silica gel (SiO 2 ) columns), degree of saturation (AgNO 3 coated silica gel), or ion exchange capacity [13] . Further steps may involve molecular sieving techniques like urea adduction [14] , e.g., to separate straight chain from branched and cyclic compounds. Ohkouchi et al. [15] describe a dedicated protocol for isolation of long-chain unsaturated ketones, so-called alkenones, as a compound class. These compounds are of particular interest because of their well-defined phytoplanktonic source. Other possible compound classes isolated by a combination of several of the above mentioned techniques include n-alkanes [7] , or total hydrolysable amino acids [13] .
If purification of individual compounds from "pre-cleaned" compounds classes is desired, instrument-based chromatographic techniques must be employed. For compounds amenable to gas chromatography, preparative capillary gas chromatography can be used [5] . For this method, a gas chromatograph (GC) is interfaced with a programmable fraction collection (PFC) device. A splitter diverts 1% of the total eluate to a detector, while 99% reach the PFC. Glass traps attached to the PFC can be programmed to collect the compounds of interest based on their retention times. Repeated injection of the same sample ensures recovery of sufficient amounts of the target compound for radiocarbon analysis. For more polar or higher molecular weight compounds, high performance liquid chromatography (HPLC) is an alternative method. HPLC can be interfaced with a fraction collector collecting the effluent at the time, when the compounds of interest elute from the column [16] . The collection windows can either be time-based [16] , or based on detection of target masses in a mass spectrometer if a splitting device is used to monitor the eluate [3] .
In either case, purity of the target compound or compound-class must be ensured prior to radiocarbon analysis. Sample purity can be monitored by analysing a small sub-sample of the purified compound by GC or HPLC. GC or HPLC chromatograms devoid of peaks representing contaminant compounds are a first indication for sample purity, however, contaminants outside of the respective analytical window cannot be excluded. An additional indication of sample purity is the comparison of the CO 2 yield after combustion in evacuated and flame-sealed quartz-glass tubes with the expected carbon amount based on compound quantification by GC or HPLC. GC-or HPLCbased quantification can additionally be checked by weighing of purified samples using a microbalance.
AMS measurement of small samples
Purified samples to be analysed by AMS must first be converted to CO 2 (by combustion for organic materials or by acid hydrolysis for carbonates), which subsequently is reduced to graphite with an excess of hydrogen over iron or cobalt as catalyst [17, 18] . The graphite is pressed into aluminium target holders that are placed in the sample carousel of the AMS ion source. For standard AMS 14 C measurements, a minimum sample size of 1 mg carbon is required. However, techniques have been developed at several facilities that allow a drastic reduction of sample size. Very small sample sizes of less than 50 µg of carbon can now be analyzed at several AMS facilities that have developed special small volume reactors for sample CO 2 conversion into graphite cathodes leading to a considerable reduction of background, mainly isotopic fractionation, during this procedure (e.g., [17, 19, 20] ). When using such systems, the blank associated with this step of the sample preparation procedure could be reduced to about 0.1 µg of carbon [20] . AMS 14 C measurements are performed by determining the ratio of 14 C and the stable carbon isotope ( 12 C or 13 C) of a sample in comparison to that of a standard (HOxII, NIST). The isotope ratio is calculated from the 12 C and/or 13 C ion currents detected in Faraday cups and the number of 14 C counts that are often measured in a gas ionization detector. In previous studies, AMS 14 C measurements of several subsamples of variable size taken from one larger sample of CO 2 showed a decrease in measured 14 C/ 12 C ratios below a certain sample size, i.e., measurement accuracy decreases with decreasing sample size [17, 20, 21] . This has been attributed to low ion currents produced from small samples in the AMS ion source and resulting mass dependent isotopic fractionation that was found to be different for the stable carbon isotope and for 14 C [17, 20] . This difficulty can be circumvent by preparing and analyzing standards of similar small sample size in the same measurement cycle, i.e. AMS sample carousel [17, 21] . The deviation of measured 14 C/ 12 C ratios of the small standards from the consensus value for the standard material can be quantified and used as a correction factor to be applied to the measured 14 C/ 12 C ratios of small unknown samples of similar size.
Blank assessment
Each step of the sample treatment procedure for AMS 14 C analysis, including, e.g., purification, combustion, and graphitization, may add small amounts of carbon from unknown sources and with unknown isotopic composition to the sample, so-called process blank. The assessment of blank carbon contribution is essential for interpretation of radiocarbon data, in particular if samples to be analyzed are small. Since most purified biomarker samples only contain 50 -300 µg C, blankassessment is particularly important for CSRA. Special care must be taken when ultra-microscale (<25µg C) measurements are made. While the measurements are technically feasible, the uncertainty of the results increases tremendously with decreasing sample size since the relative importance of the blank carbon addition increases with decreasing sample size. However, measuring size and isotopic composition of blanks associated with the entire sample treatment (procedure blank), or with individual steps of the sample preparation process (e.g., combustion blank, graphitization blank) is not trivial.
One possible approach is to analyze material of known isotopic composition. Commercially available reference materials are often sold including information on δ 13 C, but 14 C concentration is not a standard property determined by manufacturers. Therefore, even when using a reference material, a Δ 14 C value of this material has to be determined prior to processing the sample. Furthermore, it is advisable to use two types of reference materials, one with modern radiocarbon content and one without any measurable 14 C content (radiocarbon-"dead") in order to monitor possible modern or 14 C-dead carbon contributions. In our laboratories in Bremen, we tested the blank contribution of the GC-PFC system by isolating a modern n-C 16:0 fatty acid standard material and its effect on the measured δ 13 C and Δ 14 C values ( Figure 1 ). This procedure could be considered an assessment of a partial procedure blank. For this purpose, some of the standard material was dissolved in hexane, derivatized with methanol of known isotopic composition to form a fatty acid methyl ester, and injected approximately 65 times into the GC-PFC until ~ 300 µg of the compound could be recovered from the PFC glass trap. The trapped compound was washed into a vial with 1 ml dichloromethane, and eluted over a silica-gel column to remove possible column bleed. Consequently, the fatty acid methyl ester as well as 1.52 mg of the untreated fatty acid standard material were dissolved in dichloromethane and transferred in pre-combusted (900°C, 5 h) quartz glass tubes together with pre-combusted cupric oxide (CuO). The quartz-glass tubes were attached to a vacuum line, pre-evacuated to ~10 -3 mbar, and further evacuated to a pressure of ~10 -5 mbar while immersed in a slurry of dry ice and ethanol to avoid sublimation of purified compounds. Finally during flame-sealing, quartz-glass tubes were cooled in liquid nitrogen. This step was followed by combustion over night at 900°C. Resulting CO 2 was dried in a vacuum line equipped with a water trap cooled in a slurry of dry ice in ethanol, and submitted for δ 13 C and radiocarbon analysis to the National Ocean Science Accelerator Mass Spectrometer (NOSAMS) facility in Woods Hole, USA. Results reported by NOSAMS for the fatty acid methyl ester sample had to be corrected for carbon contribution of the methyl group using isotopic mass balance calculation. Both measurements yielded similar values within or slightly outside the 1σ error range (Figure 1) . However, the standard material processed by GC-PFC was slightly more depleted in heavy isotopes than the untreated standard material indicating that any blank contributed by the GC-PFC method is likely depleted in both 13 C and 14 C and therefore probably originates from fossil carbon, e.g., from "column bleed" or from the organic solvents used. A similar test was performed to check the GC-PFC system at the Max-Planck-Institute for Biogeochemistry in Jena, Germany, and subsequent conversion of isolated compounds into graphite for 14 C analysis at the AMS facility in Kiel, Germany [22] . Two fatty acid standards n-C 18:0 and n-C 28:0 were first radiocarbon dated without any treatment yielding 103.8 and -272.4 ‰, respectively. To test the effect of solvent evaporation on the 14 C content, several mg of each standard were dissolved in dichloromethane and the solvent was evaporated under a stream of nitrogen while heating at 50°C.
14 C concentrations for both standards were not significantly (1 σ range) different from that of the non-treated fatty acids (Figure 2 ). In contrast, 14 C values obtained for isolated standards using GC-PFC were depleted in 14 C slightly outside the 1 σ measurement uncertainty indicating the admixture of old or fossil carbon during compound isolation using GC-PFC and/or subsequent conversion into graphite. In an earlier experiment, the entire purification procedure for alkenones, including combustion and graphitization, as described by Ohkouchi et al. [15] was examined for blank contribution, and the difference between small and standard sized samples was investigated [23] . For this purpose, algal cultures of the alkenone producer Isochrysis galbana were grown in two batches. One batch was kept in seawater in contact with the atmosphere and thus contained DIC with modern 14 C levels. The second batch was grown after replacing modern DIC with DIC strongly depleted in 14 C. In order to assess the blank contribution of the extraction and purification procedure, the assumption was made that alkenones should record 14 C levels of ambient DIC. In both experiments, Δ 14 C values of several sub-samples of alkenones spanning a size range between 39 and 2203 µg C were analyzed. If a systematic addition of modern carbon would occur, the Δ 14 C values of alkenones from the 14 Cdepleted culture would be expected to deviate strongly from the DIC value. A fossil carbon blank would be expected to have a strong effect on the alkenones from the modern culture. If combined combustion and graphitzation blanks added significant amounts of carbon, the small samples should be affected more strongly than the larger samples. Results agreed in most cases with Δ 14 C values of the ambient DIC [23] . Agreement between sub-samples was also acceptable, and no clear trend was observed with sample size. The authors reached the conclusion that no significant amounts of either modern or 14 C-depleted blank carbon are systematically introduced during the purification procedure. In our laboratories in Bremen, we recently re-purified one sub-sample of the alkenones from both cultures, and the new results fall exactly within the scatter of original data (Figure 3) . These results imply that the purification method adds insignificant amounts of C to the samples. A more direct way to determine blank contribution is to measure the amount of carbon yielded from a true process blank. In a recent study, the blank associated with HPLC based purification of archaeal biomarkers was determined by collecting various amounts of HPLC effluent, drying the solvent under N 2 , and combusting the residue in pre-combusted quartz glass tubes with CuO [8] . CO 2 was measured manometrically, and subsequently converted to graphite for AMS analysis. The size of the carbon blank was found to be linearly correlated with HPLC effluent volume. The blank contribution of the combustion process was indirectly determined by extrapolation of the linear regression line between effluent volume and C blank mass to 0 mL effluent, where it was found to be approximately 1 µg C. Because of their small size 14 C measurements were not possible on most of these blanks except for the largest blank sample containing 4.8 µg C, which was found to have a Δ 14 C value of -611±26‰ (8). This value must be considered a combined purification and combustion blank. In a previous study, CO 2 from several combusted empty tubes was pooled to form two samples large enough for AMS measurements [17] . Average combustion blanks from individual tubes were found to be ~1µg C with Δ 14 C of two pooled samples of -623±12‰ and -751±13‰, respectively.
In summary it can be stated that significant amounts of carbon from unknown sources can be added to the samples during preparation. The most crucial steps are the purification procedure and the combustion. The blank associated with the graphitization step of the sample preparation procedure is consistently found to be rather small (~0.1 µg C) (17, 19, 20) . Some purification procedures, e.g., that used for alkenones, appear to contribute less systematic blank carbon. HPLC preparation may be the strongest source of blank carbon. Little data, however, exist on the other purification procedures. It is important to note that purification, combustion and graphitization blanks are specific for the chemicals, instrumentation, and vacuum-lines used to process the samples, and that they are likely to vary between different laboratories. Thus, it is advisable to process standard material of known mass and isotopic composition to check and if possible correct for blank carbon. AMS results obtained on ultra-microscale samples (<25 µg C) should only be interpreted with great caution. A more conservative approach would only consider data obtained on samples >50 µg C.
Interpreting compound-specific radiocarbon contents
When compound-specific or compound-class specific radiocarbon measurements have been obtained and confidence in the results has been established (e.g., blank corrections have been performed), data can be interpreted in various ways. For the purposes of this overview article, we will distinguish between studies where radiocarbon is used as a "tracer" for incorporation of fossil vs. modern carbon, and those where only atmospheric CO 2 or ambient DIC are possible carbon sources, Δ 14 C is determined by the decay that has occurred after formation of the compounds and therefore is mostly a measure of the age of the sample.
Radiocarbon as a tracer -utilization of carbon sources
Several studies have used CSRA in order to investigate the carbon source utilized for the formation of the respective compound. The interest can be from a biological point of view, where the metabolism of a certain organism is investigated. Petsch et al. (24) have shown, for example, that prokaryotic organisms assimilate organic carbon from shales during weathering, and that this carbon contributes up to 94% of carbon to the organisms' lipids. For this purpose, the authors isolated phospholipid fatty acids (PLFA), which are considered to be biomarkers for living bacteria, from bacterial cultures grown on rock samples obtained from a weathering profile of a shale outcrop. The Δ 14 C levels of these PLFA were significantly 14 C-depleted (-711‰ and -922‰), similar to the kerogen value from the shale (-990‰). Similarly, radiocarbon measurements on PLFA isolated from pristine and lignite-polluted soils have been used as evidence for bacterial assimilation of lignite [25] . In the polluted soils, saturated PLFA were significantly depleted in 14 C relative to those from the pristine soil.
Radiocarbon can also be a useful tracer if the source of a toxic compound in the environment is unknown. If such a compound derives from industrial pollution, it is likely to be radiocarbondepleted or radiocarbon-dead as in most cases industrial production is based on fossil carbon sources. In contrast, if the compound originates from a natural source, or if it is produced from combustion of wood (e.g., polycyclic aromatic hydrocarbons; [26] ), its radiocarbon levels should be modern. This approach was also taken to elucidate the source of toxic brominated compounds found in high abundance in whale blubber. By isolating these compounds from the blubber of a deceased whale, it was shown that the source of these toxins is most likely not industrial pollution, as the radiocarbon levels were clearly modern [2] . Comparison with industrially produced toxins showed that the latter were strongly depleted in 14 C.
Heterogeneous mixtures
In the introduction it was stated that problems of dealing with heterogeneous mixtures of organic materials when dating TOC samples could be circumvented when analyzing single compounds or compound-classes of known origin. If for instance a biomarker could be isolated from a marine sediment containing large proportions of pre-aged terrigenous organic matter, the 14 C-age of this biomarker sample is expected to more accurately reflect the age of deposition of the sample. Indeed we observed a good agreement between radiocarbon ages of planktonic foraminifera, which are commonly used for dating of marine sediment, and those of phytoplankton-derived alkenones in samples from the continental margin of the southern South China Sea [27] . However, radiocarbon ages of planktonic foraminifera and alkenones do not agree quite as well in all locations studied so far. In fact, significant age discrepancies have been observed between the two surface-water derived sediment constituents. The most drastic example has been described by Ohkouchi et al. [28] . The authors studied the Bermuda Rise where age differences between planktonic foraminifera amount to up to 7000 years with the alkenones always being older than the corresponding foraminifera. If based on their larger size and resulting higher settling velocity the latter are assumed to reflect more accurately the age of deposition of the sediment, the offsets can only be explained by admixture of pre-aged allochthonous material. In the study from the Bermuda Rise, carbonate content of the sediment was used as an independent indicator for the contribution of allochthonous material. Age offsets correlate inversely with carbonate content, indicating that the pre-aged organic material is associated with clay-rich allochthonous sediment particles. The above described results were rather alarming for the community of paleoceanographers who in their search for sites providing archives with high temporal resolution often cored sediment drift bodies. As indicated by the Bermuda Rise data and subsequent similar results [27, 29] , redistribution of pre-aged material is a widespread phenomenon and has often been overlooked.
Conclusions
Compound-specific radiocarbon analysis is a powerful tool that helps to elucidate important questions in biogeochemistry, environmental geochemistry, sedimentology, and paleoclimatology. The techniques require application of rather sophisticated purification protocols, and several technical challenges have to be met. These include elimination of any contamination and reduction of blank carbon addition during sample processing to a minimum size. Blank contribution must be carefully evaluated before interpretation of 14 C data of small samples. Further systematic research of blanks associated with purification procedures is necessary. Furthermore, dedicated measurement techniques have to be applied involving measurement of size-matched standards in order to correct for isotopic fractionation related to low ion current intensities.
Compound-specific radiocarbon analysis can be used to trace utilization of fossil carbon as a carbon source, and to study provenance of toxins. Applications also include studying radiocarbon ages in soils and sediments in order to understand cycling of carbon, sedimentation processes, and provenance of organic material in the deposits. Important findings have already been made using compound-specific radiocarbon analysis, which has shed new light on processes ignored for a long time.
